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Aging affects the interplay between peripheral and cortical auditory processing. Previous studies have
demonstrated that older adults are less able to regulate afferent sensory information and are more
sensitive to distracting information. Using auditory event-related potentials we investigated the role of
cortical inhibition on auditory and audiovisual processing in younger and older adults. Across puretone,
auditory and audiovisual speech paradigms older adults showed a consistent pattern of inhibitory def-
icits, manifested as increased P50 and/or N1 amplitudes and an absent or signiﬁcantly reduced N2. Older
adults were still able to use congruent visual articulatory information to aid auditory processing but
appeared to require greater neural effort to resolve conﬂicts generated by incongruent visual informa-
tion. In combination, the results provide support for the Inhibitory Deﬁcit Hypothesis of aging. They
extend previous ﬁndings into the audiovisual domain and highlight older adults’ ability to beneﬁt from
congruent visual information during speech processing.
 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Aging affects auditory perception in a diverse and multi-faceted
manner. Presbycusis is a general term that refers to high-frequency
age-related hearing loss and is present in approximately 50% of
adults aged over 70 (Roth et al., 2011). It is typically characterized by
a progressive loss of hearing that begins in the high-frequency
ranges and subsequently advances into the middle and lower fre-
quencies (Gates and Mills, 2005). Interestingly, auditory ability as
measured via puretone-hearing threshold levels (HTLs) does not
straightforwardly correlate with functional performance by older
adults on auditory tasks (Schneider and Pichora-Fuller, 2000; Tun
et al., 2012). Instead, functional deﬁcits in older adults, such as
impaired frequency discrimination (Schneider and Pichora-Fuller,
2000), gap detection (Schneider et al., 1994, 1998), and greater
sensitivity to noise during speech perception (Helfer and Freyman,
2008; Tun et al., 2012) are better predicted by measures of execu-
tive function (Akeroyd, 2008; Houtgast and Festen, 2008; Humes,
2005). That is, frontal cortical areas appear to compensate for
reduced peripheral auditory and auditory cortex activity (Wong
et al., 2009), although the frontal lobe itself shows the greatest
age-related linear degeneration in the cortex (Raz and Rodrigue,al Psychology, University of
44) 117 3317894; fax: þ (44)
tothart).
Inc. This is an open access article2006; Raz et al., 2005). The emerging picture is that auditory
perception and cognition involve a complex interplay between
peripheral and central systems, each undergoing age-related
changes (see also Anderson et al., 2013; Bidelman et al., 2014).
The Inhibitory Deﬁcit Hypothesis (IDH) of cognitive aging pro-
poses that age-related deﬁcits in performance across a wide range
of perceptual, attentional, and cognitive tasks stem from an
inability to inhibit the processing of irrelevant information (Hasher
and Zacks, 1988). Three functions of inhibition have been distin-
guished: (1) controlling access of irrelevant information to the focus
of attention and working memory, (2) deleting irrelevant infor-
mation from attention andworkingmemory, and (3) suppressing or
restraining strong but inappropriate responses (Guerreiro et al.,
2010; Hasher et al., 2007). The second and third aspects of inhibi-
tory deﬁcit have been well demonstrated in many studies in which
older adults are able to facilitate and enhance the processing of
relevant visual information, yet are unable to efﬁciently ignore
irrelevant information (e.g., Gazzaley et al., 2005, 2008; Vallesi
et al., 2009). In addition, these deﬁcits are to some extent revers-
ible with training that boosts frontal lobe activity (Anguera et al.,
2013). Less well-established, particularly in the auditory modality,
are the effects of age on the ﬁrst subcomponent of inhibition, that is,
controlling access to the focus of attention, We used the P50, N1, P2,
N2, mismatch negativity (MMN) and P3a event-related potentials
(ERPs) to examine the role of inhibition in controlling access to the
focus of attention in early perceptual processing in young and olderunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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and 70 ms, is generated bilaterally in the primary auditory cortex
(Liegeois-Chauvel et al., 1994; Reite et al., 1988;Weisser et al., 2001)
and reﬂects the regulation of sensory information from the pe-
ripheral nervous system to the cortex. The N1 typically peaks be-
tween 90 and 130 ms, and like the P50, is generated bilaterally in
the primary and association auditory cortex, with generators in the
transverse temporal gyri (Picton et al., 1999; Scherg et al., 1989). The
P2 peaks between 150 and 200 ms with generators in the auditory
association cortex and is responsive to complex acoustic features,
and its modulation by learning and expertise. (Pantev et al., 1988;
Shahin et al., 2005). The P50-N1-P2 complex reﬂects the informa-
tion ﬂow from primary auditory to association cortical processing,
and the transition from tonotopic auditory processing to more
complex spectral processing, and greater sensitivity to top-down
regulation. The N2 family comprises the standard N2, the N2a,
and the N2b. These subcomponents appear between 200 and
350 ms, and their topography, neural sources, and proposed func-
tion varies depending on subtype (Folstein and Van Petten, 2008).
We focussed on the standard N2, typically observed in response to
stimuli that involves inhibitory processing, for example, ignoring
the standard stimulus in an oddball task (Bertoli and Probst, 2005).
It has a fronto-central distribution with neural sources in the right
orbito-frontal cortex and anterior cingulate (Falkenstein, 2006;
Näätänen and Picton, 1986). Deﬁcits in inhibitory processing due
to age or pathology (e.g., depression, alcoholism) have been asso-
ciated with reduced or absent standard N2 (Bertoli and Probst,
2005; Kaiser et al., 2003; Pandey et al., 2012; Wascher et al.,
2011). The MMN represents the detection of change, in particular
in the sensory environment (Escera and Coral, 2007), and can
initiate the orientation of attention to novel or unexpected stimuli
(Näätänen and Michie, 1979; Näätänen et al., 1978). It is calculated
by subtracting the response to the frequently presented standard
stimulus from that of a rare deviant stimulus and is typically
characterized by a negative deﬂection in this difference wave dur-
ing the period of 100e250 ms with neural sources located bilater-
ally in the superior temporal gyri and frontal lobes (for a review see
Deouell, 2007). Finally, the P3a component provides the ﬁrst index
of selective attentional orientation and is proposed to represent the
updating of working memory representations of incoming stimuli.
The P3a has a fronto-central topography and is elicited in response
to task-irrelevant rare events (Katayama and Polich, 1998).
Age affects these ERPs differentially. Early P50 and N1 ampli-
tudes have been shown to increase and latencies decrease in older
adults, explained as a reduction in frontal regulation of afferent
sensory input (see Friedman, 2008 for a comprehensive review). No
demonstrable pattern emerges for P2, while there is limited but
consistent evidence for a reduction in N2 amplitudes (Ceponiene
et al., 2008). Oddball paradigms are valuable tools in assessing
both distraction and inhibition in older adults. Measures of
distraction, for example, P3a or incorrect behavioral responses to
task-irrelevant deviant stimuli, have been demonstrated to be
slower in older adults (Andrés et al., 2006). Inhibition can be
observed in oddball paradigms through responses to repeating,
task-irrelevant standard stimuli. In aging, the P50 or N1 amplitudes
to standard stimuli have been shown to be enhanced as a result of
less efﬁcient inhibition of irrelevant information (Friedman, 2008),
whereas the N2 response to standard stimuli which is considered to
reﬂect a halt in the processing of an irrelevant stimulus (see Section
4) has been shown to be reduced or absent in older adults (Bertoli
and Probst, 2005). There is mixed evidence for age-related changes
to MMN, with considerable variance in experimental design, anal-
ysis techniques and controlling for age-related hearing loss
contributing to conﬂicting results (see Cheng et al., 2013 for a
meta-analysis and review). The P3a response is typically reduced ordelayed in healthy aging, suggesting a reduced attentional orien-
tation response in older adults (Czigler et al., 2006; Fabiani and
Friedman, 1995; see Friedman, 2008 for a review; Knight, 1987;
Walhovd and Fjell, 2001). However, there is evidence that the P3a
habituates in younger adults, but not in older adults, suggesting
that attentional capture by rare or novel stimuli may be greater in
aging (Alperin et al., 2014; Friedman et al., 1998).
Speech processing provides a useful tool to examine whether
the effects of age on perception and attention in auditory pro-
cessing extend to audiovisual processing and whether older adults
are still able to beneﬁt from the presence of visual cues and
“facilitate” the processing of relevant sensory information. As an
experimental stimulus, speech is equally ecologically valid in both
its audiovisual and auditory forms. Viewing a speaker while
listening to continuous speech has been shown to be equivalent to a
15 dB increase in the auditory signal (Sumby and Pollack, 1954),
whereas simply observing silent visual speech articulation activates
the primary and association auditory cortices (Calvert et al., 1997).
The boost given to auditory processing by visual information is
however dependent on the congruency and predictive value of the
visual articulation (van Wassenhove et al., 2007; Winneke and
Phillips, 2011). It appears that much of the beneﬁt derived from
multisensory speech is maintained in aging. Older adults’ behav-
ioral performance in speech perception studies using multisensory
and unisensory speech stimuli has been demonstrated to be com-
parable to younger adults (Sommers et al., 2005; Tye-Murray et al.,
2010) and their sensitivity to the McGurk illusion as equivalent to
younger adults (Cienkowski and Carney, 2002; Huyse et al., 2014). It
has been proposed that audiovisual integration is exceptionally
robust to, and may even be enhanced by, aging, and that
enhancement may be a compensatory process for unisensory pro-
cessing deﬁcits (Diederich et al., 2008; Peiffer et al., 2007; Winneke
and Phillips, 2011). What remains to be addressed is how multi-
sensory processing performance in older adults contributes tomore
general theories of cognitive aging. Following the predictions of the
IDH, congruent visual information should aid auditory processing
and be maintained in older adults, and incongruent visual infor-
mation however should serve as a greater distractor to older adults.
We conducted2 experiments to investigate the role of facilitation
and inhibition in auditory processing in aging. Experiment 1 exam-
ined theeffects of ageonauditoryprocessingofpuretoneandnatural
speech stimuli. We hypothesized that older adults experience deﬁ-
cits in the inhibition of auditory information that would manifest as
increased early sensory responses (P50 andN1), as a consequence of
reduced frontal lobe regulation of afferent sensory information. In
addition, we hypothesized that older adults would show a reduced
N2 to standard stimuli and reduced auditory mismatch negativity
(aMMN) as a consequence of their inability to successfully ignore or
inhibit the processing of repeating standard stimuli. Experiment 2
examined whether the patterns of age-related change observed in
experiment 1 extended to audiovisual speech processing. In addi-
tion, by manipulating the congruency of the accompanying visual
information, we were able to examine the inﬂuence of “relevant”
versus “distracting” visual information. We hypothesized that older
adults should still be able to facilitate relevant information, that is,
congruent visual information but would show greater distraction or
interference from incongruent visual information.
2. Experiment 1
The experiment consisted of 2 paradigms. First, puretones were
presented in a passive listening paradigm providing measures of
basic auditory processing (P50, N1, and P2) and inhibitory pro-
cessing (N2). Second, natural speech syllables were presented in an
oddball paradigm which in addition to the measures provided by
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measures of change detection and attentional orientation (MMN
and P3a, respectively, to task-irrelevant deviant stimuli).
2.1. Participants
Twenty younger adults (aged 18e23, mean age 19.5 [1.5], 5
males) and 26 healthy older adults (aged 62e88, mean age 76.0
[7.0], 14 males) gave consent to participate in the study. Younger
adults were recruited from the University of Bristol student popu-
lation and declared themselves to be in normal health. Older adults
were recruited by the Avon and Wiltshire and South Gloucester-
shire Primary Care Trust memory service clinics at the Bristol
Research into Alzheimer’s and Care of the Elderly Centre, Frenchay
Hospital, and the Research Institute for the Care of Elderly People,
Royal United Hospital, Bath. They participated as part of a wider
study into dementia as healthy controls. Each older adult was
assessed by memory clinic staff and displayed normal cognitive
function in relation to their age and educational attainment (mean
mini-mental state examination Score ¼ 28.5/30 [1.2]) and none
met clinical criteria for dementia or any other neuropsychological
disorder. No older adults had history or signs of stroke or transient
ischemic attack, signiﬁcant head injury, depression, or other psy-
chiatric disorder, or major neurological disease, and none were
receiving medication (prescribed or non-prescribed) deemed likely
to affect cognitive function. All had normal or corrected-to-normal
vision and were right hand dominant. All appropriate approvals for
our procedures were obtained from the National Research Ethics
Service Committee South West-Bristol, Ref. 09/H0106/90. Partici-
pants provided written informed consent before participating and
were free to withdraw at any time.
2.2. Stimuli
2.2.1. Puretones
Stimuli were 1000-Hz puretones presented binaurally through
headphones at a ﬁxed volume of approximately 60-dB sound
pressure level (SPL). The duration of the tones was 200 ms with a
mean interstimulus interval (ISI) of 560 ms, varying randomly be-
tween 480 and 640 ms.
2.2.2. Auditory speech
Stimuli were digitally recorded samples (audio sample rate:
44.1 KHz in 16 bits) of a female speaker pronouncing the syllables
/ba/ (standard), /da/ (deviant), and /bi/ (target). The /ba/ syllable
was the audio recording taken from the /ba/ video used in the au-
diovisual paradigm (see experiment 2) ensuring that the standard
stimuli were acoustically identical in both experiments. Stimuli
were presented binaurally through headphones at approximately
60-dB SPL above the participant’s HTL. The duration of the stimuli
was 325 ms with a mean ISI interval of 620 ms, varying randomly
between 520 and 720 ms. Stimuli were matched for intensity using
Praat software (Boersma and Weenink, 2009).
2.3. Procedure
2.3.1. Hearing threshold level assessment and adjustment
Participants’ HTLs were assessed using a Bekesy threshold pro-
cedure (Haupt, 2003). The auditory standard /ba/ and deviant /da/
stimuli were used as stimuli in the HTL test rather than puretones to
provide an ecologically appropriate measure of HTL. Puretone
stimuli were presented at a ﬁxed 60-db SPL and not adjusted for
individuals’ HTL. Auditory speech stimuli were presented at
approximately 60-db SPL above the participant’s individual HTL,
which required an increase in the stimuli SPL by 8.98 (2.82) dB foryounger adults and 17.80 (7.33) dB for older adults. This ensured
that any age-related differences observed in responses to the
auditory-only or audio-visual speech could be compared against a
paradigm in which HTL had not been adjusted to dissociate the
effects of age from the effects of the physical intensity of the
stimulus. In addition, correlational analyses between ERP ampli-
tudes and HTL are presented in Supplementary Material.
2.3.1.1. Puretones. Participants were instructed to listen to the
tones, to not respond in any way, and to maintain their gaze at a
ﬁxation point on the monitor. Two hundred tones were presented.
2.3.1.2. Auditory speech. Participants were instructed to maintain
their gaze at a ﬁxation cross in the centre of the screen while
listening to a continuous stream of syllables, consisting of the
frequent standard syllable /ba/ interspersed with an infrequent
deviant /da/ and infrequent target /bi/. They were asked to press a
button in response to the target stimulus. They were instructed to
ignore the standard and deviant stimuli. The target and deviant
stimuli were presented in a pseudo-random sequence among the
standards with at least 2 standards preceding each deviant. Eight
hundred and ninety six standards, 112 deviants (i.e., stand-
ard:deviant ratio ¼ 8:1) and 8 targets were presented in 2 blocks
lasting 8 minutes each. (Initially, no target stimulus was included to
exactly match the audiovisual paradigm in experiment 2. However,
pilot data revealed that the lack of task, combined with the lack of
visual stimulation led to participants becoming drowsy and sub-
sequent overwhelming alpha wave contamination of the evoked
potentials. Therefore, a rare target stimulus was introduced to
maintain the attentional and physiological arousal of the partici-
pant. The number of target stimuli was very low to maintain as
much congruity with the audiovisual paradigm as was possible.)
2.3.2. EEG recording
Electroencephalographic (EEG) signals were sampled at 1000 Hz
from 64 Ag/AgCl electrodes ﬁtted on a standard electrode layout
elasticized cap using a BrainAmp DC ampliﬁer (Brain Products
GmbH) with a common FCz reference and online low-pass ﬁltered
at 250 Hz. Impedances were below 5kU. Recordings were analyzed
ofﬂine using Brain Electrical Source Analysis software v5.3 (BESA
GmbH). Artifacts including blinks and eye movements were cor-
rected using BESA automatic artifact correction (Berg and Scherg,
1994), and any remaining epochs containing artifacts 100 mV
were rejected. The rejection rate never exceeded 10% of trials for
each participant and stimulus.
2.3.3. EEG analysis
Data were re-referenced ofﬂine to a virtual linked mastoid
reference, using BESA spherical spline interpolation (BESA GmbH).
Epochs from 100 to 500 ms around stimulus onset were deﬁned
for the auditory and puretone data. Given thewell-established scalp
distribution of auditory ERPs (i.e., peak amplitude typically occur-
ring at the vertex) and after conﬁrmation via examination of the
topography of each component in each group (see Fig. 1C), the
values of 9 electrodes (FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, and CP2)
were averaged to form a vertex region of interest. Averaging across
electrodes that show consistent and comparable activity has also
been demonstrated to be more reliable than using single electrodes
(Huffmeijer et al., 2014). Grand average waveforms were used to
select peak latency measurement epochs, see Supplementary
Material. P50 was deﬁned as the ﬁrst positive maximum value
following stimulus onset, N1, P2, N2, and P3 peaks were deﬁned as
sequential polarity maxima. Peak magnitude was measured as the
mean amplitude during epochs deﬁned by 1 SD around the mean
peak latency.
Fig. 1. (A) Grand average responses to puretone stimuli measured at the vertex region of interest (average of electrodes FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, and CP2) for younger
and older adults, experiment 1. (B) Mean amplitudes and latencies of the ERPs elicited in response to puretones, for younger and older adults. Error bars indicate the standard
error of the mean. (C) Topological plots of the ERPs to puretones for younger and older adults. Electrodes included in the vertex region of interest are highlighted in green.
Abbreviation: ERPs, event-related potentials. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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stimuli was subtracted from the deviant stimuli to create a differ-
ence waveform. Sequential 1 sample t-tests were then applied to
the difference waveforms for each group using themethod outlined
by Guthrie and Buchwald (1991). The consecutive time points
necessary to indicate an epoch of signiﬁcant difference between the
standard and deviant responses were obtained from a simulation
using an autocorrelation estimated from the data. Intervals with
values of p < 0.05 that lasted for the required duration, (14
consecutive time points [i.e., 14 ms] for the healthy older adults, 7
for the younger adults), were accepted as signiﬁcantly different
epochs. An aMMN amplitude was then calculated as the mean
amplitude of any signiﬁcant negative deﬂection in the difference
waveform (as identiﬁed by the sequential t-test procedure)
following the N1 peak, and aMMN peak latency as the most nega-
tive deﬂection in the difference wave.
2.3.4. Statistical analysis
For the puretone paradigm, the amplitudes and latencies of the
P50, N1, P2, and N2 were examined in a 1-way (age: young vs. old)
analysis of variance (ANOVA). For the auditory speech paradigm,
the amplitudes and latencies of the 4 major auditory ERPs (P50, N1,
P2, and N2) were examined individually in a 2 (age: young vs. old)
2 (condition: standard vs. deviant) ANOVA. An aMMN and P3a to
deviants were examined separately in a 1-way (age: young vs. old)
ANOVA.2.4. Results
2.4.1. Puretone ERPs
Averaged ERPs to puretones for younger and older adults are
shown in Fig. 1.
There was no effect of age on P50 amplitudes (F [1,44] ¼ 0.39,
p ¼ 0.534); however, older adults showed signiﬁcantly earlier P50
latencies (F [1,44] ¼ 9.04, p ¼ 0.004). Older adults displayed a
signiﬁcantly increased N1 amplitude (F [1,44]¼ 7.82, p¼ 0.008), but
there were no signiﬁcant differences in latency (F [1,44] ¼ 0.44, p ¼
0.513). There was no effect of age on P2 amplitude (F [1,44] ¼ 0.09,
p ¼ 0.754) or P2 latency (F [1,44] ¼ 2.71, p ¼ 0.107). There was a
strong effect of age on N2 amplitude (F [1,44] ¼ 35.38, p < 0.001)
with no clear N2 peak observable in the older adult group, see Fig. 1.
Given the absence of an identiﬁable N2 peak in older adults, N2
latency differences were not compared.
2.4.2. Auditory speech ERPs
Averaged ERPs to auditory-only speech for younger and older
adults are shown in Fig. 2.
2.4.2.1. P50. There was a signiﬁcant effect of age and condition on
P50 amplitude, that is, older adults showed a signiﬁcantly increased
P50 amplitude compared with younger adults (F [1,44] ¼ 4.94, p ¼
0.031), and standard stimuli elicited a signiﬁcantly increased P50
compared with deviant stimuli (F [1,44] ¼ 4.23, p ¼ 0.045). There
Fig. 2. (A) Grand average responses to auditory speech stimuli measured at the vertex region of interest (average of 9 electrodes FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, and CP2) for
younger and older adults. (B) Difference waveforms (deviant minus standard) illustrating the aMMN response for younger and older adults. (C) Mean amplitudes and latencies of the
ERPs elicited in response to standard (s) and deviant (d) auditory speech stimuli, for younger and older adults. Error bars indicate the standard error of the mean. Abbreviations:
aMMN, auditory mismatch negativity; ERPs, event-related potentials.
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[1,44] ¼ 3.74, p ¼ 0.060).
There was no signiﬁcant effect of age (F [1,44] ¼ 0.02, p ¼
0.895) or condition (F [1,44] ¼ 3.23, p ¼ 0.079) on P50 latency.
There was a marginally signiﬁcant interaction between age and
condition (F [1,44] ¼ 4.31, p ¼ 0.044) due to older adults showing
a delayed P50 to deviant stimuli compared with younger adults
who showed no difference in P50 latency to standard and deviant
stimuli.2.4.2.2. N1. There was no effect of age on N1 amplitude (F [1,44] ¼
0.79, p¼ 0.379). Standard stimuli elicited a signiﬁcantly reduced N1
compared with deviant stimuli (F [1,44] ¼ 35.05, p < 0.001). There
was a signiﬁcant interaction between age and condition (F [1,44] ¼
6.24, p¼ 0.016) due to a more pronounced effect of condition on N1
amplitude in younger adults, see Fig. 2.
Older adults showed a signiﬁcantly earlier N1 (F [1,44] ¼ 4.72,
p ¼ 0.035), standard stimuli elicited an earlier N1 than deviant
stimuli (F [1,44] ¼ 58.77, p < 0.001), and there was a signiﬁcant
G. Stothart, N. Kazanina / Neurobiology of Aging 47 (2016) 23e3428interaction between age and condition (F [1,44] ¼ 5.58, p ¼ 0.023)
due to a more pronounced effect of condition on N1 latency in
younger adults.
2.4.2.3. P2. There was no signiﬁcant effect of age (F [1,44] ¼ 2.29,
p ¼ 0.137) or condition (F [1,44] ¼ 1.66, p ¼ 0.204) on P2 amplitude,
and there was no signiﬁcant interaction between age and condition
(F [1,44] ¼ 0.96, p ¼ 0.332).
There was no signiﬁcant effect of age on P2 latency (F [1,44] ¼
1.90, p ¼ 0.175). Standard stimuli elicited an earlier P2 than deviant
stimuli (F [1,44] ¼ 25.80, p < 0.001). There was no signiﬁcant
interaction between age and condition (F [1,44] ¼ 3.07, p ¼ 0.087).
2.4.2.4. N2. N2 amplitude was affected by age and condition: older
adults showed a signiﬁcantly reduced N2 amplitude comparedwith
younger adults (F [1,44] ¼ 6.79, p ¼ 0.012), and standard stimuli
elicited an increased N2 compared with deviant stimuli (F [1,44] ¼
28.49, p < 0.001). There was weak evidence for an interaction be-
tween age and condition (F [1,44] ¼ 3.64, p ¼ 0.063) with condition
having a greater impact on N2 amplitude among younger adults
compared with older adults.
Similarly, N2 latency was affected by age and condition: N2 was
signiﬁcantly delayed in older compared with younger adults (F
[1,44] ¼ 5.48, p ¼ 0.024), and for standard compared to deviant
stimuli (F [1,44]¼ 32.47, p< 0.001). There was no clear evidence for
an interaction between age and condition (F [1,44] ¼ 2.28, p <
0.139).
2.4.2.5. P3a. P3a amplitude was signiﬁcantly increased (F [1,44] ¼
4.75, p ¼ 0.035) and latency signiﬁcantly delayed in older adults (F
[1,44] ¼ 5.94, p ¼ 0.019).
2.4.2.6. aMMN. Sequential 1 sample t-tests identiﬁed the mean
aMMN duration as 79 ms in younger adults (86e165 ms) and 53 ms
(93e146 ms) in older adults. There was no signiﬁcant effect of age
on mean aMMN amplitude (F [1,44] ¼ 0.90, p ¼ 0.766) or the peak
latency of the difference wave (F [1,44] ¼ 2.16, p ¼ 0.149) during
these epochs.2.5. Discussion
Experiment 1 compared ERPs from younger and older adults to
puretones, and to simple speech stimuli (syllables /ba/ and /da/)
presented in an oddball paradigm. Older adults showed earlier P50
latencies followed by increased N1 amplitudes compared with
younger participants for puretones. Similarly, older adults showed
increased P50 and N1 amplitudes for auditory speech. Increased
amplitudes of early sensory components in older participants under
conditions when the HTL was adjusted (auditory speech) or notFig. 3. Video timings for stanadjusted for (puretones) demonstrate that the effect was not a
simple consequence of physically more intense/louder stimuli (see
Supplementary Material for correlational analyses between ERP
amplitudes and HTL).
Critically, older adults’ N2 response to regular repeating stimuli
(i.e., the puretone stimulus and to the standard in the auditory
speech paradigm) was absent or strongly reduced compared with
younger adults. As expected, no N2 peak was found in response to
deviant stimulus in either group (Bertoli and Probst, 2005). Older
adults’ P3a responses to deviant stimuli were increased and
delayed. The combination of increased early sensory responses P50
and N1, absent or strongly reduced N2 to standard stimuli, and an
increased P3a to deviant stimuli in older participants points to a
decreased ability to inhibit responses to regular repeating infor-
mation, and greater attentional capture from rare task-irrelevant
information. There was no effect of age on P2 amplitudes or la-
tencies in either paradigm, and aMMN in older adults was equiv-
alent in amplitude and peak latency to that in younger adults. The
implications of these ﬁndings for cognitive theories of aging are
discussed in full in the Section 4
3. Experiment 2
Experiment 2 extended experiment 1 into the audiovisual
domain, using the same participants as in experiment 1. In exper-
iment 2, we manipulated the congruency of the visual information
accompanying the auditory speech stimulus to examine the inﬂu-
ence of “relevant” versus “distracting” visual information. We ex-
pected that facilitatory effects of congruent visual information will
be preserved in older adults, however that the interference from
incongruent visual information will increase with age.
3.1. Stimuli
3.1.1. Audiovisual speech
Stimuli were digitally recorded videos (frame rate: 25 images/s;
audio sample rate: 44.1 KHz in 16 bits) of a female speaker pro-
nouncing the syllables /ba/ and /ga/. Videos were digitally edited
using Pinnacle software v.15 (Corel Inc) to ensure that the onset of
syllabic articulatory movements, auditory onset, and auditory
duration in both videos were identical. The videos were 1280 ms
long with articulatory onset at 240 ms and auditory onset at
560 ms, see Fig. 3. The duration of the auditory stimuli was 325 ms.
The standard stimulus was the video of the speaker pronouncing
/ba/. The deviant stimulus was created by overdubbing the audio
track from the /ba/ video onto the silent video of the speaker pro-
nouncing /ga/. The combination of auditory /ba/ and visual /ga/
typically elicits the McGurk illusion (McGurk andMacDonald, 1976)
fused percept of /da/. A summary of the syllables and percepts indard and deviant stimuli.
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The mean ISI between videos of 620 ms varied randomly between
520 and 720 ms. During the ISI, a still frame of the speaker’s face
was presented on screen. This image was matched to the ﬁrst and
last frame of the videos, creating the impression of continuous
natural speech, that is, no visual onset or offset. Stimuli were
matched for auditory intensity using Praat software (Boersma and
Weenink, 2009).3.2. Procedure
3.2.1. Behavioral discrimination task
Participants completed a discrimination task at the end of the
EEG recording session. They were presented 25 congruent /ba/ and
50 incongruent McGurk /da/ videos, identical to those used in the
audiovisual paradigm. In addition, 25 congruent /ga/ videos were
presented (i.e., /ga/ video with congruent /ga/ auditory stimulus).
Participants were instructed to watch the speaker’s face at all times
and to report the syllable they heard using a handheld response
button box. The videos were presented in a fully randomized
sequence lasting approximately 3 minutes.
3.2.2. Audiovisual speech
The videos were presented on a computer monitor 0.5 m
directly in front of the participant. The auditory stimuli were pre-
sented binaurally through headphones at approximately 60-dB SPL
above the participant’s HTL following the same adjustment proce-
dure as in experiment 1. Participants were instructed to attend to
the speaker, listen to what was said and watch the speaker’s face at
all times. The standard /ba/ and deviant /da/ (i.e., McGurk) stimuli
were presented in a pseudo-random sequence with at least 2
standards preceding each deviant. The ratio of standards:deviants
was 8:1. Eight hundred and ninety six standards and 112 deviants
were presented in 2 blocks lasting 12 minutes each. EEG recording
techniques and analyses were identical to experiment 1. Epochs
from 100 ms to 1500 ms were used for the audiovisual data in
experiment 2.
3.2.3. The inﬂuence of visual information on speech processing in
aging
To examine the role of visual information on speech processing
in aging, we compared responses to the standard stimuli across the
auditory and audiovisual paradigms as they were perceptually and
acoustically identical in both paradigms, that is, the participant
heard and perceived a /ba/ syllable. Deviant stimuli were not
compared as although they were perceptually the same (i.e.,
auditory ¼ “spoken” /da/, audiovisual ¼ “illusory” /da/), they were
acoustically different (i.e., auditory deviant ¼ “spoken” /da/, au-
diovisual deviant ¼ “spoken” /ba/).3.3. Statistical analysis
The amplitudes and latencies of the 4 major auditory ERPs (P50,
N1, P2, and N2) were examined individually in a 2 (age: young vs.
old)  2 (condition: standard vs. deviant) ANOVA. The inﬂuence of
visual information on auditory processing and its interaction withTable 1
Visual, auditory, and perceptual characteristics of the standard and deviant stimuli
for the audiovisual speech
Condition Auditory Visual Percept
Standard /ba/ /ba/ /ba/
Deviant /ba/ /ga/ /da/age was examined using a mixed design ANOVA. A 2  2 ANOVA
with factors group (young/old) and visual information (absent
[¼auditory]/present [¼audiovisual]) was performed for the P50, N1,
P2, and N2 responses to standard stimuli. No MMN or P3a response
was observed; however, an extended period of positivity following
the P2 peakwas observed in the older adults’ responses. To quantify
group differences in this response, the mean amplitude of the dif-
ference wave (deviant minus standard) between 800e1500 ms was
examined in 1-way (age: young vs. old) ANOVA.3.4. Results
3.4.1. Behavioral discrimination task
One older adult did not complete the task due to tiredness. There
was no signiﬁcant difference between the groups in the number of
McGurk /da/ illusions perceived (Younger mean (M) ¼ 72% SE ¼
8.78, Older M ¼ 75% SE ¼ 6.12; t [1,43] ¼ 0.33, p ¼ 0.740), or the
number of congruent /ba/ or /ga/ syllables correctly identiﬁed
(Younger M ¼ 99% SE ¼ 0.3, Older M¼ 95% SE ¼ 2.5; t [1,43] ¼ 1.48,
p ¼ 0.146).
3.4.2. Audiovisual speech
3.4.2.1. P50. Older adults showed signiﬁcantly larger P50 ampli-
tudes compared with younger adults (F [1,44] ¼ 4.71, p ¼ 0.035).
Standard stimuli elicited a signiﬁcantly reduced P50 comparedwith
deviant stimuli, (F [1,44]¼ 9.82, p¼ 0.003), there was no signiﬁcant
interaction between age and condition (F [1,44] ¼ 0.59, p ¼ 0.447).
Therewasweak evidence for an effect of age on P50 latencywith
older adults showing delayed P50 responses (F [1,44] ¼ 3.59, p ¼
0.065). Standard stimuli elicited an earlier P50 than deviant stimuli
(F [1,44] ¼ 29.93, p < 0.001), there was no signiﬁcant interaction
between age and condition (F [1,44] ¼ 0.33, p ¼ 0.571).
3.4.2.2. N1. Older adults showed a signiﬁcantly increased N1
amplitude compared with younger adults (F [1,44] ¼ 5.24, p ¼
0.027), standard stimuli elicited a signiﬁcantly increased N1
amplitude compared with deviant stimuli (F [1,44] ¼ 44.27, p <
0.001). There was no signiﬁcant interaction between age and con-
dition (F [1,44] ¼ 0.36, p ¼ 0.553).
There was no signiﬁcant effect of age on N1 latency (F [1,44] ¼
0.45, p ¼ 0.505), standard stimuli elicited a signiﬁcantly earlier N1
than deviant stimuli (F [1,44] ¼ 46.90, p < 0.001). There was no
signiﬁcant interaction between age and condition (F [1,44] ¼ 0.42,
p ¼ 0.521).
3.4.2.3. P2. There was no signiﬁcant effect of age (F [1,44] ¼ 1.57,
p ¼ 0.216) on P2 amplitude. Standard stimuli elicited a reduced P2
compared with deviant stimuli (F [1,44] ¼ 7.99, p ¼ 0.007). There
was no signiﬁcant interaction between age and condition (F
[1,44] ¼ 0.06, p ¼ 0.811).
Older adults showed a signiﬁcantly delayed P2 latency (F
[1,44] ¼ 16.65, p < 0.001). Standard stimuli elicited signiﬁcantly
earlier P2 than deviant stimuli (F [1,44] ¼ 41.54, p < 0.001). There
was no signiﬁcant interaction between age and condition (F
[1,44] ¼ 2.49, p ¼ 0.122).
3.4.2.4. N2. Older adults showed a signiﬁcantly reduced N2
amplitude compared with younger adults (F [1,44] ¼ 11.24, p ¼
0.002), and standard stimuli elicited an increased N2 compared
with deviant stimuli (F [1,44] ¼ 24.13, p < 0.001). There was weak
evidence for an interaction between age and condition (F [1,44] ¼
3.07, p ¼ 0.087), with older adults showing a greater impact of
condition on N2 amplitude compared with younger adults who
showed little difference, see Fig. 4.
Fig. 4. (A) Grand average responses to audiovisual speech stimuli measured at the vertex region of interest (average of 9 electrodes FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, and CP2) for
younger and older adults. The dotted red line indicates auditory onset. (B) Mean amplitudes and latencies of the ERPs elicited in response to standard (s) and deviant (d) audiovisual
speech stimuli, for younger and older adults. Error bars indicate the standard error of the mean. Abbreviation: ERPs, event-related potentials. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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p < 0.001). There was no effect of condition (F [1,44] ¼ 0.06, p ¼
0.815) and no interaction between age and condition (F (1,44) ¼
1.03, p ¼ 0.316).
3.4.2.5. aMMN, P3a, and late positivity. No MMN or P3a response
wasobservable ineither theyoungerorolder adults’data. Therewasa
prolonged late positivity in response to thedeviant stimuli, beginning
at the P2 peak and lasting for the remainder of the epoch that was
signiﬁcantly larger among older adults (F [1,44] ¼ 7.32, p ¼ 0.010).
3.4.3. The inﬂuence of visual information on speech processing in
agingecomparison of auditory versus audiovisual ERPs
To examine the role of visual information on speech processing
in aging, we compared responses to the standard stimuli across the
auditory (experiment 1) and audiovisual (experiment 2) paradigms.
Recall that standard stimuli in the auditory and audiovisual para-
digms were perceptually and acoustically identical, that is, theparticipant heard and perceived a /ba/ syllable. Deviant stimuli
were not compared across the auditory (experiment 1) and au-
diovisual (experiment 2) paradigms, as the stimuli were acousti-
cally different, that is /da/ in experiment 1 and /ba/ in experiment 2.
3.4.3.1. P50. P50 amplitude was signiﬁcantly reduced in the pres-
ence of visual information (F [1,44]¼ 14.44, p¼ 0.001), therewas no
signiﬁcant effect of age (F [1,44]¼ 2.98, p¼ 0.091), and therewas no
signiﬁcant interaction between age and visual information (F
[1,44] ¼ 0.06, p ¼ 0.812), see Fig. 5.
There was no main effect of visual information (F [1,44] ¼ 1.67,
p ¼ 0.203) or age (F [1,44] ¼ 0.040, p ¼ 0.843) on P50 latency.
However, therewas a signiﬁcant interaction between age and visual
information with younger adults showing an earlier P50 when vi-
sual information was present (F [1,44] ¼ 7.47, p ¼ 0.009), see Fig. 5.
3.4.3.2. N1. The presence of visual information increased N1
amplitude signiﬁcantly (F [1,44] ¼ 103.9, p < 0.001). Older adults
Fig. 5. (A) Mean amplitude differences and (B) latency differences (audiovisualeauditory) for younger and older adults’ responses to standard stimuli in the auditory versus au-
diovisual paradigms measured at the vertex region of interest (average of 9 electrodes: FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, and CP2). For all components, a positive value indicates an
increased amplitude or delayed latency of the peak in the presence of visual information; a negative value indicates decreased amplitude or an earlier peak latency. Error bars
indicate standard error of the mean.
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0.047), and there was no signiﬁcant interaction between age and
visual information, (F [1,44] ¼ 1.29, p ¼ 0.262).
The presence of visual information signiﬁcantly delayed N1 la-
tencies (F [1,44]¼ 4.85, p¼ 0.033). Therewas no signiﬁcant effect of
age (F [1,44] ¼ 0.49, p ¼ 0.826) or interaction between age and
visual information (F [1,44] ¼ 1.85, p ¼ 0.181).
3.4.3.3. P2. There was no signiﬁcant effect of visual information on
P2 amplitude (F [1,44] ¼ 0.01, p ¼ 0.915), no effect of age (F [1,44] ¼
1.69, p ¼ 0.200), and no signiﬁcant interaction between age and
visual information (F (1,44) ¼ 0.82, p ¼ 0.369).
The presence of visual information resulted in signiﬁcantly
delayed P2 latencies (F [1,44] ¼ 10.94, p ¼ 0.002), and older adults
showed signiﬁcantly delayed P2 latencies (F [1,44] ¼ 8.91, p ¼
0.005) across paradigms. There was no signiﬁcant interaction be-
tween age and visual information, (F [1,44] ¼ 0.01, p ¼ 0.911).
3.4.3.4. N2. There was some evidence for the presence of visual
information to increase N2 amplitude, although the effect was
marginally signiﬁcant (F [1,44] ¼ 3.79, p ¼ 0.058). Older adults
showed signiﬁcantly reduced N2 amplitudes across paradigms (F
[1,44] ¼ 16.26, p < 0.001). There was a signiﬁcant interaction be-
tween age and the presence of visual information (F [1,44] ¼ 5.45,
p ¼ 0.024) as visual information increased N2 amplitude in older
but not younger adults.
The presence of visual information did not have a signiﬁcant ef-
fect on N2 latencies (F [1,44]¼ 2.07, p¼ 0.157). Older adults showed
signiﬁcantlydelayedN2 latencies across paradigms (F [1,44]¼18.85,
p < 0.001), although given the absence of a clear N2 peak latency
measures are less reliable. The interaction between age and visual
information was not signiﬁcant (F [1,44] ¼ 0.92, p ¼ 0.342).
3.5. Discussion
In experiment 2, older adults showed equivalent behavioral
sensitivity to the McGurk illusion as younger adults. In terms of
ERPs, experiment 2 replicated the pattern of inhibitory deﬁcit in
older adults observed in experiment 1. Older adults showed
signiﬁcantly increased P50 and N1 amplitudes compared with
younger adults and no observable N2 peak to standard stimuli. The
effect of congruency of visual information was also considerable,with congruent visual information increasing N1 amplitudes in
both younger and older adults compared with incongruent visual
information.
Examination of the effects of the presence of visual information
(via comparison of ERPs in response to standard stimuli in the au-
diovisual paradigm in experiment 2 vs. auditory paradigm in
experiment 1) demonstrates similarly enhanced N1 amplitudes
when (congruent) visual information is added to accompany an
auditory stimulus in younger and older adults. This suggests that
the facilitatory effect of visual information is maintained in aging.
4. General discussion
Across puretone, auditory and audiovisual speech paradigms
older adults showed a consistent pattern of inhibitory deﬁcits,
manifested as increased P50 and/or N1 amplitudes and an absent or
signiﬁcantly reduced N2. Experiment 1 demonstrated that this
pattern was present in auditory processing regardless of adjust-
ment for HTL or the acoustic complexity of the stimuli, whereas
experiment 2 demonstrated that this pattern extended to audio-
visual processing. We propose that these ﬁndings provide evidence
for IDH, in particular for the claim that older adults are less able to
regulate the access to attentional focus of afferent sensory
information.
Experiment 2 also provided further insights into the role of vi-
sual information in auditory processing in aging. Congruent artic-
ulatory visual information enhanced N1 amplitudes for the
audiovisual compared with auditory speech in both younger and
older adults. When the effect of congruent and incongruent visual
informationwere compared in audiovisual processing, incongruent
information resulted in a prolonged, late positivity in older adults.
An increase in early auditory ERP amplitudes in healthy older
adults as compared with younger adults has been previously
demonstrated (see Ceponiene et al., 2008; Friedman, 2008) and
proposed to reﬂect a lack of inhibitory regulation of afferent sen-
sory information by the prefrontal cortex. The absence of the
standard N2 in older adults is less well documented and often
overlooked in analyses in favor of examining responses to deviants
or targets (e.g., Daffner et al., 2015). When addressed directly, the
absence or reduction of the N2 has been associated with poorer gap
detection and processing speed (Harris et al., 2012) and proposed to
reﬂect a lack of frontal inhibition among older adults (Bertoli and
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and Alain, 2014). The N350 is a possible equivalent observed in
sleep EEG, it is observed during sleep and sleepiness and reﬂects a
mechanism contrary to attention, preventing conscious processing
of stimuli and facilitating falling asleep (Kállai et al., 2003). It is
speculative and beyond the remit of the present study to link the
inhibitory negative components observed in sleep with the N2
observed in younger adults, but is a deserved avenue for future
research. We propose that the standard N2 in our present study
represents a neural “stop-signal” that serves to prevent further
unnecessary processing of a repetitive stimulus and that it is
consistently and markedly absent in older adults across a variety of
auditory processing tasks. This is a critical element of the ﬁrst
aspect of inhibition, that is, controlling access of irrelevant infor-
mation to the focus of attention and working memory (Guerreiro
et al., 2010; Hasher et al., 2007) and is an automatic and integral
part of sensory processing.
Note that in experiment 2, younger adults showed a clear N2 to
the deviant stimulus, a ﬁnding that we did not predict. The in-
congruity of the audio-visual deviant affected even the earliest ERPs
thus making effects in later windows such as the N2 window
difﬁcult to interpret (see discussion of the absent audiovisual
mismatch negativity below). One possibility that is suggested by the
presence of an N2 to both standards and deviants is that N2 is based
on the basis of the auditory stimulus only (/ba/, i.e., identical for the
standard and deviant), that is, it remains relatively unaffected by
audiovisual binding compared to earlier (P50 and N1) components.
Another possibility is that the N2 to deviants is an N2b, reﬂecting
the direct attention to stimuli (Patel and Azzam, 2005). This is
notably different from the auditory speech paradigm, in which no
N2 was observed to deviant stimuli, raising the possibility that
attentional focus was greater to the audiovisual speech paradigm.
Experiment 2 provides support for previous assertions that
older adults maintain the ability to process relevant information yet
are more susceptible to the distracting and interfering effects of
irrelevant information (e.g., Cashdollar et al., 2013; Gazzaley et al.,
2005, 2008). Congruent articulatory visual information signiﬁ-
cantly increased N1 amplitude in both younger and older adults
compared with auditory processing alone, demonstrating that
older adults are still able to facilitate and enhance the processing of
relevant (visual) information. This adds to the behavioral ﬁndings of
Sommers et al. (2005) in which older adults received an equivalent
visual “enhancement” of auditory processing in noise to younger
adults. It should be noted that the interpretation of this increased
N1 as a facilitatory effect, rather than as a marker of inhibitory
deﬁcit, is due to the underlying assumption that the younger adults’
ERPs are the default “healthy” response, that is, because younger
adults show an increase in N1 amplitude in the audiovisual para-
digm, this is the baseline against which to compare.
Older adults’ P50 and N1 latencies were delayed, and younger
adults showed earlier P50 latencies, in the presence of visual in-
formation, suggesting there may be a temporal cost to maintaining
the beneﬁt of congruent visual information with age. This adds to
the ﬁndings of Diederich et al. (2008) who demonstrated that
compared with younger adults, older adults showed slower overall
multisensory integration during a saccadic reaction time task yet
showed a greater neural beneﬁt from congruent compared with
incongruent multisensory stimuli.
Older adults also perceived the McGurk illusion with compara-
ble frequency to younger adults, replicating previous behavioral
ﬁndings demonstrating maintained audio-visual integration in
healthy aging (Cienkowski and Carney, 2002; Huyse et al., 2014).
The increase in N1 amplitude as a consequence of the presence of
congruent visual articulatory information is contrary to some pre-
vious ERP studies of audio-visual processing (e.g., van Wassenhoveet al., 2007; Winneke and Phillips, 2011) in which audio-visual N1
amplitudes were reduced and latencies shortened compared with
those in the auditory-alone condition, a pattern interpreted as
reﬂecting increased neural efﬁciency. However, a critical difference
between the present study and previous studies is that participants
were not asked to respond to stimuli, and there was no distinct
visual onset, that is, the speaker’s face was onscreen at all times.
Therefore, the interaction of attention, task demands, and the
alerting effect of a distinct visual onset may affect the inﬂuence of
predictive visual information on the timing and magnitude of
auditory ERPs (Kok et al., 2012).
Among older adults only, incongruent visual information resul-
ted in a prolonged late positive deﬂection following the P2 that
lasted the duration of the epoch. We suggest that the late positive
deﬂection observed in the present study may reﬂect the increased
processing effort required by older adults to reanalyse/revise mis-
matching visual articulatory and auditory information. Such
increased processing has been previously demonstrated in psycho-
physical tasks in which older adults show a larger impact of dis-
tracting information on perceptual abilities as a result of prolonged
processing of distractors (Cashdollar et al., 2013). Most relevantly, a
similar late positivity has been demonstrated by Liu et al (2011) in
response to incongruent audio-visual scenarios in which the action
in the video (e.g., ﬁreworks explode) mismatched the preceding
audio (e.g., shattering glass). The authors related their ﬁnding to the
linguistic “P600” effect, which is known to reﬂect a reanalysis or
revision of incongruent syntactic information into a plausible or
meaningful arrangement (Osterhout and Holcomb, 1992). Further
research is needed to elucidate whether the late positivity observed
in our study belongs to the same family of effects.
Older adults showed an equivalent aMMN to younger adults,
contrary to many previous studies of aMMN (e.g., Kiang et al.,
2009), and contrary to our predictions. Interestingly, the MMN
response appears to be robust to the preceding impact of inhibitory
deﬁcit on N1 amplitudes. The adjustment of HTL may explain the
discrepancy with previous ﬁndings. It is well-known that aMMN
amplitudes increase as the standard and deviant become more
discriminable (Schröger et al., 1992). Therefore, it is possible that
previous studies that did not adjust for individual HTLs and simply
ensured that all participants had HTLs below a common threshold
(e.g., Alain et al., 2004; Cooper et al., 2006; Kiang et al., 2009) were
presenting less discriminable stimuli for the older adults, resulting
in a reduced aMMN. The use of natural speech stimuli, rather than
puretones, may have also contributed to the maintenance of aMMN
in older adults in the present study. The few electrophysiological
studies on speech MMN in older adults show conﬂicting results,
e.g., Bellis et al. (2000) found no effects of age on MMN to syllables,
whereas Cheng et al. (Cheng et al., 2015) showed a reduction
amongst older adults in the magnetic MMN to speech syllables. In
addition the measurement of the aMMN differed from previous
studies, that is, we used sequential t-tests to identify the duration of
the aMMN response and then measured the mean amplitude dur-
ing this bespoke epoch as opposed to taking mean amplitudes
during arbitrarily deﬁned epochs, e.g., from 100-200 ms, or for
100 ms following the N1 peak. In fact, if such arbitrarily deﬁned
ﬁxed epochs were used to measure the aMMN in the present study
it would show a lower mean aMMN amplitude in older adults. This
is because the older adults’ aMMN responsewas 26ms shorter than
that in younger adults, which would have resulted in a lower mean
aMMN amplitude for older than younger adults if it were measured
using a ﬁxed window. By accurately identifying the duration of the
aMMN response we are more able to accurately assess its magni-
tude in each group. A possible interpretation of the current data is
that aMMN is impacted by healthy aging, but it is the duration
rather than the amplitude of the response that is reduced. For this
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mized to enable calculation of the duration of individuals’ aMMN
responses as well as group responses.
Interestingly, despite the lack of large differences in the MMN,
older adults also showed increased and delayed P3a responses to
deviant stimuli, suggesting greater neural resources devoted to the
attentional orientation toward deviant stimuli. These ﬁndings
complement previous studies showing increases in the P3a in older
adults (e.g., Alperin et al., 2014; Daffner et al., 2015) and provide
further support for the idea that older adults ﬁnd it harder to ignore
task-irrelevant information; a fundamental element of the IDH.
NoMMN response was observed in the audiovisual paradigm. In
the present study, congruency of visual information signiﬁcantly
affected both the P50 and N1 peaks, consequently the pre MMN
epoch (i.e., from stimulus onset to the N1 peak) was not equal for
standard and for deviants. If deviant stimuli did elicit an MMN
response it may have been masked by the preceding peak ampli-
tude differences. Previous studies that have demonstrated a
McGurk illusion MMN (Colin et al., 2002; Kislyuk et al., 2008; Saint-
Amour et al., 2007) had 2 important methodological differences.
First, there was a distinct visual onset and offset of the visual in-
formation, that is, the speaker’s image appeared at the start and
disappeared at the end of each trial. Second, visual-only ERPs were
subtracted from the audio-visual ERPs to calculate the auditory
ERPs. In the present study, the speaker’s face remained onscreen at
all times, so there was no distinct visual onset and offset. This
provided more ecologically valid speech stimuli, avoided the con-
founding effect of visual-onset ERPs but may have compromised
the measurement of the audiovisual MMN.
There are some limitations to the present study. First, attention
was not directly controlled for. This raises the possibility that
increased early sensory P50 and N1 amplitudes may have been a
consequence of additional attentional effort among the older adult
group, for example, as an attempt to compensate for any deterio-
ration in hearing ability. Note that the absence/reduction of the
standardN2 in the older participants cannot be solely an outcome of
extra attention because Bertoli and Probst (2005) previously
demonstrated such an age-related N2 reduction in both attended
and unattended auditory oddball paradigms. Hence, the age-related
reduction in the standard N2 cannot be explained away by extra
attention from the older participants but rather a genuine difference
in the “stop-signal” process that the standard N2 reﬂects. Second,
there were no behavioral measures of performance to assess the
consequences of any inhibitory deﬁcit in early sensory processing.
Third, the ISIs were not equal in the auditory speech and audiovisual
speech paradigms, possibly introducing a confound in the com-
parison of ERP amplitudes across paradigms. Future studies should
investigate the role of attention and ISIs on inhibition and facilita-
tion in older adults and explicitly examine the link between neural
and behavioral responses. Finally, to further characterize oddball
responses in both audio-visual and auditory-only paradigms, an
additional audiovisual conditionwith a congruent deviant stimulus,
e.g., visual /da/ þ auditory /da/, would allow for the comparison of
both standard and deviant stimuli responses across paradigms.
In summary, we have demonstrated a pattern of age-related
auditory processing that is consistent with the IDH. Older adults
consistently show increased early sensory ERPs, and an absence of a
standard N2 which in combination reﬂects a deﬁcit in the frontal
regulation of sensory processing. Older adults are still able to use
congruent visual articulatory information to aid auditory process-
ing, but at a temporal cost, and appear to require greater neural
effort to resolve conﬂicts generated by incongruent visual infor-
mation. Future work should focus on establishing the neural
mechanisms of frontal regulation of sensory processing, and how
these mechanisms change with age.Disclosure statement
The authors have no conﬂicts of interest to disclose.Acknowledgements
The authors would like to thank Dr Judy Haworth at the Avon
and Wiltshire and South Gloucestershire Primary Care Trust
memory service clinics at the BRACE Centre, Frenchay Hospital, Dr
Krist Noonan at the Research Institute, for Care of the Elderly and
BRACE-Alzheimer’s research registered charity no. 297965 for their
help with recruitment. This work was supported by the Biotech-
nology and Biosciences Research Council.Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.neurobiolaging.
2016.06.022.References
Akeroyd, M.A., 2008. Are individual differences in speech reception related to in-
dividual differences in cognitive ability? A survey of twenty experimental
studies with normal and hearing-impaired adults. Int. J. Audiol. 47, S53eS71.
Alain, C., McDonald, K.L., Ostroff, J.M., Schneider, B., 2004. Aging: a switch from
automatic to controlled processing of sounds? Psychol. Aging 19, 125e133.
Alperin, B.R., Mott, K.K., Holcomb, P.J., Daffner, K.R., 2014. Does the age-related
“anterior shift” of the P3 reﬂect an inability to habituate the novelty
response? Neurosci. Lett. 577, 6e10.
Anderson, S., White-Schwoch, T., Parbery-Clark, A., Kraus, N., 2013. A dynamic
auditory-cognitive system supports speech-in-noise perception in older adults.
Hearing Res. 300, 18e32.
Andrés, P., Parmentier, F.B.R., Escera, C., 2006. The effect of age on involuntary
capture of attention by irrelevant sounds: a test of the frontal hypothesis of
aging. Neuropsychologia 44, 2564e2568.
Anguera, J.A., Boccanfuso, J., Rintoul, J.L., Al-Hashimi, O., Faraji, F., Janowich, J.,
Kong, E., Larraburo, Y., Rolle, C., Johnston, E., Gazzaley, A., 2013. Video game
training enhances cognitive control in older adults. Nature 501, 97e101.
Bellis, T.J., Nicol, T., Kraus, N., 2000. Aging affects hemispheric asymmetry in the
neural representation of speech sounds. J. Neurosci. 20, 791e797.
Berg, P., Scherg, M., 1994. A multiple source approach to the correction of eye ar-
tifacts. Electroencephalogr. Clin. Neurophysiol. 90, 229e241.
Bertoli, S., Probst, R., 2005. Lack of standard N2 in elderly participants indicates
inhibitory processing deﬁcit. Neuroreport 16, 1933e1937.
Bidelman, G.M., Villafuerte, J.W., Moreno, S., Alain, C., 2014. Age-related changes in
the subcorticalecortical encoding and categorical perception of speech. Neu-
robiol. Aging 35, 2526e2540.
Boersma, P., Weenink, D., 2009. Praat: Doing Phonetics by Computer (Version
5.1.05). Available at: http://www.fon.hum.uva.nl/paul/praat.html. Accessed
August 23, 2012.
Calvert, G., Bullmore, E., Brammer, M., Campbell, R., Williams, S., McGuire, P.,
Woodruff, P.W., Iversen, S.D., David, A., 1997. Activation of auditory cortex
during silent lipreading. Science 276, 593e596.
Cashdollar, N., Fukuda, K., Bocklage, A., Aurtenetxe, S., Vogel, E.K., Gazzaley, A., 2013.
Prolonged disengagement from attentional capture in normal aging. Psychol.
Aging 28, 77e86.
Ceponiene, R., Westerﬁeld, M., Torki, M., Townsend, J., 2008. Modality-speciﬁcity of
sensory aging in vision and audition: evidence from event-related potentials.
Brain Res. 1215, 53e68.
Cheng, C.-H., Baillet, S., Hsiao, F.-J., Lin, Y.-Y., 2015. Effects of aging on the neuro-
magnetic mismatch detection to speech sounds. Biol. Psychol. 104, 48e55.
Cheng, C.-H., Hsu, W.-Y., Lin, Y.-Y., 2013. Effects of physiological aging on mismatch
negativity: a meta-analysis. Int. J. Psychophysiology 90, 165e171.
Cienkowski, K.M., Carney, A.E., 2002. Auditory-visual speech perception and aging.
Ear Hear 23, 439e449.
Colin, C., Radeau, M., Soquet, A., Demolin, D., Colin, F., Deltenre, P., 2002. Mismatch
negativity evoked by the McGurkeMacDonald effect: a phonetic representation
within short-term memory. Clin. Neurophysiol. 113, 495e506.
Cooper, R.J., Todd, J., McGill, K., Michie, P.T., 2006. Auditory sensory memory and the
aging brain: a mismatch negativity study. Neurobiol. Aging 27, 752e762.
Czigler, I., Pató, L., Poszet, E., Balázs, L., 2006. Age and novelty: event-related po-
tentials to visual stimuli within an auditory oddballdvisual detection task. Int. J.
Psychophysiology 62, 290e299.
Daffner, K.R., Alperin, B.R., Mott, K.K., Tusch, E.S., Holcomb, P.J., 2015. Age-related
differences in early novelty processing: using PCA to parse the overlapping
anterior P2 and N2 components. Biol. Psychol. 105, 83e94.
G. Stothart, N. Kazanina / Neurobiology of Aging 47 (2016) 23e3434Deouell, L.Y., 2007. The frontal generator of the mismatch negativity revisited.
J. Psychophysiology 21, 188e203.
Diederich, A., Colonius, H., Schomburg, A., 2008. Assessing age-related multisensory
enhancement with the time-window-of-integration model. Neuropsychologia
46, 2556e2562.
Escera, C., Corral, M.J., 2007. Role of Mismatch Negativity and Novelty-P3 in Invol-
untary Auditory Attention. J Psychophysiol 21, 251e264.
Fabiani, M., Friedman, D., 1995. Changes in brain activity patterns in aging: the
novelty oddball. Psychophysiology 32, 579e594.
Falkenstein, M., 2006. Inhibition, conﬂict and the Nogo-N2. Clin. Neurophysiol. 117,
1638e1640.
Folstein, J.R., Van Petten, C., 2008. Inﬂuence of cognitive control and mismatch on
the N2 component of the ERP: a review. Psychophysiology 45, 152e170.
Friedman, D., 2008. The components of aging. In: Luck, S., Kappenman, E. (Eds.),
Oxford handbook of Event-related Potential Components. Oxford University
Press, New York, pp. 513e535.
Friedman, D., Kazmerski, V.A., Cycowicz, Y.M., 1998. Effects of aging on the novelty
P3 during attend and ignore oddball tasks. Psychophysiology 35, 508e520.
Gates, G., Mills, J., 2005. Presbycusis. Lancet 366, 1111e1120.
Gazzaley, A., Clapp, W., Kelley, J., McEvoy, K., Knight, R.T., D’Esposito, M., 2008. Age-
related top-down suppression deﬁcit in the early stages of cortical visual
memory processing. Proc. Natl. Acad. Sci. U S A 105, 13122e13126.
Gazzaley, A., Cooney, J.W., Rissman, J., D’Esposito, M., 2005. Top-down suppression
deﬁcit underlies working memory impairment in normal aging. Nat. Neurosci.
8, 1298e1300.
Getzmann, S., Falkenstein, M., Wascher, E., 2015. ERP correlates of auditory goal-
directed behavior of younger and older adults in a dynamic speech percep-
tion task. Behav. Brain Res. 278, 435e445.
Guerreiro, M.J., Murphy, D.R., Van Gerven, P.W., 2010. The role of sensory modality
in age-related distraction: a critical review and a renewed view. Psychol. Bull.
136, 975e1022.
Guthrie, D., Buchwald, J.S., 1991. Signiﬁcance testing of difference potentials. Psy-
chophysiology 28, 240e244.
Harris, K.C., Wilson, S., Eckert, M.A., Dubno, J.R., 2012. Human evoked cortical ac-
tivity to silent gaps in noise: effects of age, attention, and cortical processing
speed. Ear Hear 33, 330e339.
Hasher, L., Lustig, C., Zacks, R., 2007. Inhibitory mechanisms and the control of
attention. Variation Working Mem. 19, 227e249.
Hasher, L., Zacks, R.T., 1988. Working memory, comprehension and aging: a review
and a new view. In: Bower, G.H. (Ed.), The Psychology of Learning and Motiva-
tion: Advances in Research and Theory. Academic Press, New York, pp. 193e225.
Haupt, G., 2003. Audiometry and Sound Calibration Utilities. Available at: http://
www.neurobs.com/ex_ﬁles/expt_view?id¼72. Accessed August 23, 2012.
Helfer, K.S., Freyman, R.L., 2008. Aging and speech-on-speech masking. Ear Hear 29,
87e98.
Houtgast, T., Festen, J.M., 2008. On the auditory and cognitive functions that may
explain an individual’s elevation of the speech reception threshold in noise. Int.
J. Audiol. 47, 287e295.
Huffmeijer, R., Bakermans-Kranenburg, M.J., Alink, L.R.A., van IJzendoorn, M.H.,
2014. Reliability of event-related potentials: the inﬂuence of number of trials
and electrodes. Physiol. Behav. 130, 13e22.
Humes, L., 2005. Do “auditory processing” tests measure auditory processing in the
elderly? Ear Hear 26, 109e119.
Huyse, A., Leybaert, J., Berthommier, F., 2014. Effects of aging on audio-visual speech
integration. J. Acoust. Soc. Am. 136, 1918e1931.
Kaiser, S., Unger, J., Kiefer, M., Markela, J., Mundt, C., Weisbrod, M., 2003. Executive
control deﬁcit in depression: event-related potentials in a Go/Nogo task. Psy-
chiatry Res. 122, 169e184.
Kállai, I., Harsh, J., Voss, U., 2003. Attention to external stimuli during wakefulness
and sleep: evoked 40-Hz response and N350. Psychophysiology 40, 955e966.
Katayama, J., Polich, J., 1998. Stimulus context determines P3a and P3b. Psycho-
physiology 35, 23e33.
Kiang, M., Braff, D.L., Sprock, J., Light, G.A., 2009. The relationship between pre-
attentive sensory processing deﬁcits and age in schizophrenia patients. Clin.
Neurophysiol. 120, 1949e1957.
Kislyuk, D.S., Möttönen, R., Sams, M., 2008. Visual processing affects the neural basis
of auditory discrimination. J. Cogn. Neurosci. 20, 2175e2184.
Knight, R.T., 1987. Aging decreases auditory event-related potentials to unexpected
stimuli in humans. Neurobiol. Aging 8, 109e113.
Kok, P., Rahnev, D., Jehee, J.F.M., Lau, H.C., de Lange, F.P., 2012. Attention reverses the
effect of prediction in silencing sensory signals. Cereb. Cortex 22, 2197e2206.
Liegeois-Chauvel, C., Musolino, A., Badier, J., Marquis, P., Chauvel, P., 1994. Evoked
potentials recorded from the auditory cortex in man: evaluation and topog-
raphy of the middle latency components. Electroencephalogr. Clin. Neuro-
physiol. 92, 204e214.
Liu, B., Wu, G., Wang, Z., Ji, X., 2011. Semantic integration of differently asynchro-
nous audioevisual information in videos of real-world events in cognitive
processing: An ERP study. Neuroscience Letters 498, 84e88.
McGurk, H., MacDonald, J., 1976. Hearing lips and seeing voices. Nature 264,
746e748.
Näätänen, R., Gaillard, A., Mantysalo, S., 1978. Early selective-attention effect on
evoked potential reinterpreted. Acta Psychologica 42, 313e329.
Näätänen, R., Michie, P.T., 1979. Early selective-attention effects on the evoked
potential: a critical review and reinterpretation. Biol. Psychol. 8, 81e136.Näätänen, R., Picton, T., 1986. N2 and automatic versus controlled processes. Elec-
troencephalogr. Clin. Neurophysiol. Suppl. 38, 169e186.
Osterhout, L., Holcomb, P.J., 1992. Event-related brain potentials elicited by syntactic
anomaly. J. Mem. Lang. 31, 785e806.
Pandey, A.K., Kamarajan, C., Tang, Y., Chorlian, D.B., Roopesh, B.N., Manz, N.,
Stimus, A., Rangaswamy, M., Porjesz, B., 2012. Neurocognitive deﬁcits in male
alcoholics: an ERP/sLORETA analysis of the N2 component in an equal proba-
bility Go/NoGo task. Biol. Psychol. 89, 170e182.
Pantev, C., Hoke, M., Lehnertz, K., Lütkenhöner, B., Anogianakis, G., Wittkowski, W.,
1988. Tonotopic organization of the human auditory cortex revealed by tran-
sient auditory evoked magnetic ﬁelds. Electroencephalogr. Clin. Neurophysiol.
69, 160e170.
Patel, S.H., Azzam, P.N., 2005. Characterization of N200 and P300: selected studies
of the event-related potential. Int. J. Med. Sci. 2, 147e154.
Peiffer, A.M., Mozolic, J.L., Hugenschmidt, C.E., Laurienti, P.J., 2007. Age-related
multisensory enhancement in a simple audiovisual detection task [Miscella-
neous Article] Neuroreport 18, 1077e1081.
Picton, T.W., Alain, C., Woods, D.L., John, M.S., Scherg, M., Valdes-Sosa, P., Bosch-
Bayard, J., Trujillo, N.J., 1999. Intracerebral sources of human auditory-evoked
potentials. Audiol. Neurootol. 4, 64e79.
Raz, N., Lindenberger, U., Rodrigue, K.M., Kennedy, K.M., Head, D., Williamson, A.,
Dahle, C., Gerstorf, D., Acker, J.D., 2005. Regional brain changes in aging healthy
adults: general trends, individual differences and modiﬁers. Cereb. Cortex 15,
1676e1689.
Raz, N., Rodrigue, K.M., 2006. Differential aging of the brain: patterns, cognitive
correlates and modiﬁers. Neurosci. Biobehav. Rev. 30, 730e748.
Reite, M., Teale, P., Zimmerman, J., Davis, K., Whalen, J., 1988. Source location of a 50
msec latency auditory evoked ﬁeld component. Electroencephalogr. Clin. Neu-
rophysiol. 70, 490e498.
Roth, T.N., Hanebuth, D., Probst, R., 2011. Prevalence of age-related hearing loss in
Europe: a review. Eur. Arch. Otorhinolaryngol. 268, 1101e1107.
Saint-Amour, D., De Sanctis, P., Molholm, S., Ritter, W., Foxe, J.J., 2007. Seeing voices:
high-density electrical mapping and source-analysis of the multisensory
mismatch negativity evoked during the McGurk illusion. Neuropsychologia 45,
587e597.
Scherg, M., Vajsar, J., Picton, T.W., 1989. A source analysis of the late human auditory
evoked potentials. J. Cogn. Neurosci. 1, 336e355.
Schneider, B.A., Pichora-Fuller, M.K., 2000. Implications of perceptual deterioration
for cognitive aging research. In: Craik, F.I.M., Salthouse, T.A. (Eds.), The Hand-
book of Aging and Cognition, second ed. Erlbaum Hillsdale, NJ, London,
pp. 155e219.
Schneider, B.A., Pichora-Fuller, M.K., Kowalchuk, D., Lamb, M., 1994. Gap detection
and the precedence effect in young and old adults. J. Acoust. Soc. Am. 95,
980e991.
Schneider, B.A., Speranza, F., Pichora-Fuller, M.K., 1998. Age-related changes in
temporal resolution: envelope and intensity effects. Can. J. Exp. Psychol. 52,
184e191.
Schröger, E., Näätänen, R., Paavilainen, P., 1992. Event-related potentials reveal how
non-attended complex sound patterns are represented by the human brain.
Neurosci. Lett. 146, 183e186.
Shahin, A., Roberts, L.E., Pantev, C., Trainor, L., Ross, B., 2005. Modulation of P2
auditory-evoked responses by the spectral complexity of musical sounds.
Neuroreport 16, 1781e1785.
Sommers, M.S., Tye-Murray, N., Spehar, B., 2005. Auditory-visual speech perception
and auditory-visual enhancement in normal-hearing younger and older adults.
Ear Hear 26, 263e275.
Sumby, W.H., Pollack, I., 1954. Visual contribution to speech intelligibility in noise.
J. Acoust. Soc. Am. 26, 212e215.
Tun, P.A., Williams, V.A., Small, B.J., Hafter, E.R., 2012. The effects of aging on
auditory processing and cognition. Am. J. Audiol. 21, 344e350.
Tye-Murray, N., Sommers, M., Spehar, B., Myerson, J., Hale, S., 2010. Aging, audio-
visual integration, and the principle of inverse effectiveness. Ear Hear 31,
636e644.
Vallesi, A., Stuss, D.T., McIntosh, A.R., Picton, T.W., 2009. Age-related differences in
processing irrelevant information: evidence from event-related potentials.
Neuropsychologia 47, 577e586.
van Wassenhove, V., Grant, K.W., Poeppel, D., 2007. Temporal window of integration
in auditory-visual speech perception. Neuropsychologia 45, 598e607.
Walhovd, K.B., Fjell, A.M., 2001. Two- and three-stimuli auditory oddball ERP
tasks and neuropsychological measures in aging. NeuroReport 12,
3149e3153.
Wascher, E., Falkenstein, M., Wild-Wall, N., 2011. Age related strategic differences in
processing irrelevant information. Neurosci. Lett. 487, 66e69.
Weisser, R., Weisbrod, M., Roehrig, M., Rupp, A., Schroeder, J., Scherg, M., 2001. Is
frontal lobe involved in the generation of auditory evoked P50? Neuroreport 12,
3303e3307.
Winneke, A.H., Phillips, N.A., 2011. Does audiovisual speech offer a fountain of youth
for old ears? an event-related brain potential study of age differences in au-
diovisual speech perception. Psychol. Aging 26, 427e438.
Wong, P.C.M., Jin, J.X., Gunasekera, G.M., Abel, R., Lee, E.R., Dhar, S., 2009. Aging and
cortical mechanisms of speech perception in noise. Neuropsychologia 47,
693e703.
Zendel, B.R., Alain, C., 2014. Enhanced attention-dependent activity in the auditory
cortex of older musicians. Neurobiol. Aging 35, 55e63.
